Natural ventilation represents a potentially sustainable scheme for the provision of good indoor air quality and free cooling in buildings. However, its application is frequently hindered due to outdoor climatic conditions, air pollution, or noise pollution. The later impediment represents one of the main motivations behind the research presented in this paper, as buildings under noise exposure cannot effectively deploy the natural (window) ventilation option. To address this problem, the potential of building envelope solutions that could offer sufficient sound insulation while facilitating natural ventilation is of critical importance. Specifically, the present contribution focuses on the sound insulation properties of double facades with openings for natural ventilation. Thereby, a generic double-leaf façade was conceived and installed between two adjacent reverberant chambers in the acoustic laboratory of the Department of Building Physics and Building Ecology at the Vienna University of Technology. This experimental modular double-leaf wall allows for various configurations of open elements. Multiple opening combinations were studied, such that the impact of various system parameters (e.g., the size of the opening, location of the openings, the relative displacement of the openings in the two layers) could be assessed both empirically and computationally. Furthermore, various levels of sound absorption in the double wall cavity (realized with absorber panels) were considered and tested. The resulting comprehensive set of parametric configurations was subject of systematic sound transmission measurements. Using the results of the measurements, multivariable analysis and curve-fitting techniques were deployed toward developing empirically-based equations for the prediction of the sound insulation of double-leaf facades with openings for natural ventilation. Furthermore, a simple analytical model was proposed that could be also applied toward predicting the sound transmission of such constructions. The results of empirically-based and analytical models are compared with the measurements results to discuss the potential and limitations of their predictive performance.
Introduction
The realization of natural ventilation schemes in buildings is hindered in many instances due to outdoor climatic conditions, air pollution or noise pollution. This paper focuses on the latter issue. Noise is one of the environmental pollutants negatively affecting the inhabitants, particularly in dense urban areas and near main transportation routes. Despite various noise control efforts, complaints from environmental noise show an increasing trend in recent years [1] . Hence, the sound insulation quality of the building plays an important role. Thereby, natural ventilation and sound insulation must be addressed in tandem. Past research has addressed some of the issues involved (see, for example, [2, 3, 4, 5, 6, 7, 8] ). The present contribution focuses on a system of double-leaf façades (DLF) that can provide sufficient sound insulation, while facilitating natural ventilation. In this context, we concentrate on estimating the effective sound insulation properties of double-walls with openings for natural ventilation.
Approach
An experimental modular double-wall system with multiple opening possibilities [9, 10] was designed, assembled and installed in the 3.1 by 3.1 m opening between two reverberant chambers of the acoustic laboratory (see Fig. 1a ) of the Department of Building Physics and Building Ecology at the Vienna University of Technology. The experimental double wall consists of two layers of chipboard elements. The distance between the two layers is 43 cm. These layers are structurally decoupled. In a five by five grid structure, each layer has 25 dismountable chipboard square elements (50 x 50 cm). These elements are tightly mounted (using rubber seals) on aluminum bars. The measured sound reduction indexes for one layer as well as for both layers in closed conditions are shown in Figure 1c . The respective weighted sound reduction indexes amount to 35 dB and 51 dB. This flexible construction allows us to parametrically modify a number of relevant variables that affect the sound insulation of a doublelayered building envelope with openings. Specifically, we can open and close one or more elements on each layer, hence controlling the effective opening area. Moreover, openings on both layers can be arranged so as to face each other, or to be shifted against each other, hence controlling the distance between the openings ( Figure 1b ) as well as the corresponding view factor and the angle of diffraction. Furthermore, we can modify the level of sound absorption in the cavity space between the two layers by adding absorption panels on the cavity-facing surfaces of the modular elements. A total of 94 distinct configurations were considered in the experiment (see Table 1 for a selected illustrative set). The sound insulation level of the considered configurations was determined via measurements. The results were expressed in terms of the frequency-dependent sound reduction index R (see equation 1 and [11] ).
Here L1 and L2 denote (in dB) the mean sound pressure level in the source room and the receiving room respectively. S denotes the area of the test element installed in the laboratory opening (m²) and A is the equivalent sound absorption area in the receiving room (m²).
Using the measurement results, simple equations were derived to capture the dependency of sound insulation on a number of relevant parameters. Note that the resonance frequency of the experimental double wall is calculated to be below the frequency range of interest in building and room acoustics (around 25 Hz). A fairly diffuse sound field in laboratory chambers is assumed. Table 1 . A number of implemented basic opening configurations for the experimental wall (see Figure 1a for the numeric code of the open elements). Note that the elements' distance (d) denotes the spatial distance between the center points of the elements (see Figure 1b ).
Config.
Code of the open elements in the front leaf 
Results

Empirical model
The analysis of the measurement results (specifically, regression analysis and curve-fitting techniques) provided the basis to estimate the frequency-dependent drop in sound reduction index of the experimental wall due to opening areas. This drop denotes the difference between the sound reduction index of a certain opening configuration (Rf) and the sound reduction index of the fully closed assembly (Rf,max) at the same frequency (see equation 2).
(
The statistically-based empirical equation for estimating this sound insulation drop (∆Rcal) is as follows:
Here, f is the frequency (in Hz), ρm is the mean sound reflection coefficient (fraction of incident sound energy reflected by the surface) of the cavity space between the two layers (expressed in terms of the mean area-weighted value obtained from the reflection coefficients of the surfaces comprising the cavity's envelope), S open is total area of the opening in the first layer (m²), Sref is the total wall area (m²), and VF is the view factor between the openings in the two layers calculated according to [12] .
Analytical model
The magnitude of airborne sound transmission through a partition between adjacent rooms can be obtained from the comparison of sound energy density in the source and receiving rooms (W1, W2):
Starting from this equation, a simple analytical model was developed to describe the sound transmission of double leaf facades with openings for natural ventilation in terms of three components of a simple acoustical energy flow model (see Figure 2 for a schematic illustration). The first component is the sound energy that penetrates through both layers of the To estimate the second component, we make use of the applicable view factor (VF):
Finally, the third component is estimated as follows: 
Combining all the three components results in: ))
Here, n represents a mean number of reflections. It can be roughly estimated based on the basic geometric DLF parameters (i.e., "facade length / cavity width"). In case of our experimental settings the mean number of reflections amounts to about 7.
Predictions
Computational results (predicted R and Rw values of double wall configurations with open elements) obtained from the proposed empirical (equations 2 and 3) and analytical (equation 8) algorithms were compared with respective measurements. The results are summarized in table 2, in terms of R² (coefficient of determination) and RMSE (root-mean-square error). Note that the Rw values were calculated following the standard procedure [13] using computed frequency dependent sound reduction index (R) values. 
Discussion
Both empirically based statistical model (eq. 3) and the simple analytical one (eq. 8) perform reasonably well in estimating the sound insulation of double leaf facades with openings for natural ventilation. The relationship represented in equation 3 effectively captures the impact of a number of hypothesized key influencing factors on the sound insulation behavior of the studied double wall. All these factors (sound frequency, the opening ratio, the view factor of the openings in the two layers, and the cavity sound absorption) can be easily understood by designers and engineers and considered in the design process of double-wall systems. The proposed analytical algorithm (equation 8) likewise appears to perform satisfactorily in approximation of the complex process of sound transmission through the double leaf system with openings for natural ventilation. This is remarkable as such, given the fact that a number of important factors are not explicitly represented in this algorithm (wavelength, edge diffraction by the openings, distance attenuation).
Conclusion
The results generally imply that spatial displacement of the openings and cavity sound absorption can effectively improve the sound insulation of double leaf facades with openings for natural ventilation. For instance, our experimental double wall in configuration no. 6 ( Table 1) with open elements facing each other has a weighted sound reduction index (Rw) of 18 dB. Shifting the second layer openings (config. no. 8) resulted in a Rw of 26 dB. Additional absorption in the cavity (config. no. 10) raised Rw further to 34 dB. This suggests that rather simple measures can result in Rw improvements in the range of 11 to 17 dB. A double façade including openings for natural ventilation could thus display Rw values in the order of 27 to 35 dB, which would be comparable to the sound insulation potential of many common (fully closed) windows. Computational estimations based on relatively simple equations can approximate empirical measurements with reasonable accuracy. In ongoing and future studies, we intend to further develop and more comprehensively validate both empirical and analytical methods for the prediction of the sound insulation properties of double facades with openings for natural ventilation. Moreover, we are currently preparing a set of empirical studies to explore the relationship between the size and configuration of the openings and the resulting air flow processes in such double leaf systems.
